The effect of angiotensin (1-7) (Ang 1-7) on membrane potential and excitability of rat heart muscle under ischaemia/reperfusion was investigated.
Introduction
Angiotensin-converting enzyme (ACE)2 is a new enzyme with high homology to ACE 1,2 that is able to hydrolyse Ang II to the peptide Ang (1) (2) (3) (4) (5) (6) (7) . 3 Recently, it was reported that Ang (1) (2) (3) (4) (5) (6) (7) is present in the failing human heart 3, 4 and that the compound not only attenuates the development of heart failure after myocardial infarct (MI) in rats, 5 but also counteracts the proliferative, profibrotic and pressor effects of Ang II. 6 Moreover, studies showed that in heart failure induced by coronary ligation in the rat, the expression of Ang (1-7) is increased 7 and the cardiac function, coronary perfusion and aortic endothelial function are preserved by Ang (1-7). 8 Although it is known that Ang (1-7) decreases the incidence of arrhythmias induced by ischaemia-reperfusion in rat heart, 9 no information is available on the mechanism of the antiarrhythmic action of Ang (1) (2) (3) (4) (5) (6) (7) . In the present work this problem was investigated.
Methods
Adult female rats (Sprague-Dawley, Indianapolis, Ind.), weighing 125-150 g, were used.The animals were kept in the Animal House at constant temperature (24ºC) and humidity following the recommendations of NIH. Animals were kept on a normal laboratory animal diet and given tap water ad libitum. The animals were anaesthetised with intra-peritoneal (i.p.) sodium pentobarbital (50 mg/kg), and the heart was removed with the animals under deep anaesthesia. The heart was then perfused with normal Krebs solution (Langendorff method) for 15 minutes; global noflow ischaemia was then produced for 40 minutes followed by reperfusion for five minutes.After this time, the heart was removed from the perfusion chamber, a small piece of the right ventricle was dissected out and transferred to a transparent chamber, through which oxygenated Krebs solution flowed continuously (37ºC). 
Measurements of transmembrane potentials and refractoriness
with a fine pair of platinum electrodes (0.3 mm in diameter) by using rectangular current pulses generated by an electronic stimulator and isolation unit (Grass Instruments, Boston). The intensity of the current pulses was twice threshold and the pulse duration was 3 ms.A bipolar stimulation was used and the rate of stimulation was 0.6 Hz. After 30 minutes of equilibration in Krebs solution, the membrane potential was recorded from superficial endocardial fibres. The determination of the stimulus strength was achieved by amplifying the voltage drop across a 10 MΩ resistor placed between the muscle and ground. Strength-current curves were obtained by applying a second current pulse of variable intensity but constant duration (2 ms) at different moments of the action potential and determining the minimal current strength required to elicit a clear propagated electrical response. The intervals were previously selected and kept constant during the experiments.
The strength of the current was plotted against the cycle interval and strength-interval curves were obtained for control and experimental conditions in the same muscles and in many cases in the same cells.Voltage calibration was determined by injecting known voltages between the Krebs solution and the ground.The rising velocity of the action potential was measured using an operational amplifier. Changes in membrane potential were displayed on an oscilloscope and photographed.
Measurements of influence of Ang (1-7) on the sodium pump

Changes of membrane potential
To investigate the possible influence of Ang (1-7) on the sodium pump, small pieces of the right ventricle (6-8 mm in length, 2-4 mm in diameter) of adult rats were used. The small size of the preparation, combined with a fast flow system, made it possible to induce changes in sodium pump activity and study its influence on the resting membrane potential of quiescent fibres.
Measurements of resting potentials were performed in normal Krebs solution.The muscle was then exposed to K + -free solution, in order to block the sodium pump, with consequent accumulation of sodium inside the fibre.The replacement of the K + -free solution with normal Krebs, containing 5.4 mM of K + ions, reactivated the pump and induced changes in the membrane potential which were continuously recorded. In some studies, ouabain was used to block the Na + -pump.
Influence of Ang (1-7) on sodium pump current
To study the direct influence of Ang (1-7) on the sodium pump, myocytes were isolated from the ventricle of the rat and the membrane potential was clamped at -40 mV. The whole cell voltage clamp configuration was used.The sodium pump was suppressed by superfusing the cells with K +free solution for two minutes, following which the K + -free solution was replaced by Krebs solution containing 5.4 mM of K + ions. In some experiments,Ang (1-7) was added to the Krebs solution.
Cell isolation procedure Cells were obtained by enzymatic dispersion of the ventricle following the method of Powell and Twist 10 and Tanigushi et al. 11 The heart was removed and immediately perfused with normal Krebs solution containing (mM): NaCl 136.5; KCl 5.4; CaCl 2 1.8; MgCl 2 0.53; NaH 2 PO 4 0.3; NaHCO 3 11.9; glucose 5.5; and HEPES 5, pH 7.3. After 20 minutes, a calcium-free solution containing 0.4% collagenase (Worthington Biochemical Corp) was recirculated through the heart for one hour. The collagenase solution was washed out with 100 ml of recovery solution 12 containing (mM): taurine 10; oxalic acid 10; glutamic acid 70; KCL 25; KH 2 PO 4 10; glucose 11; EGTA 0.5, pH 7.4. All solutions were oxygenated with 100% O 2 . Ventricles were minced (1 to 2 mm thick slices) and the resulting solution was agitated gently with a Pasteur pipette. The suspension was filtered through a nylon gauze and the filtrate centrifuged for four minutes at 22 g.The cell pellets were then resuspended in normal Krebs solution. All the experiments were conducted at room temperature. Suction pipettes were pulled from microhaematocrit tubing (Clark Electromedical Instruments) by means of a controlled puller (Narashige). The pipettes which were prepared immediately before the experiments were filled with the following solution (mM): caesium aspartate 120; NaCl 10; MgCl 2 3; EGTA 10, tetraethylammonium chloride 20, Na 2 ATP 5 and HEPES 5, pH 7.3.The resistance of the pipettes varied from 2.5 to 3.5 mΩ.
Experimental procedures
All experiments were performed in a small chamber mounted on the stage of an inverted phase-contrast microscope (Diaphot, Nikon). Ventricular cells were placed in a modified cultured dish (volume 0.75 ml) in an open-perfusion microincubator (Model PDMI-2, Medical Systems). Cells were allowed to adhere to the bottom of the chamber for 15 minutes and were superfused with normal Krebs solution (3 ml/min), permitting a complete change of the bath in less than 500 ms. A video system (Diaphot) made it possible to inspect the cells and the pipettes throughout the experiments.
The electrical measurements were carried out using the patch-clamp technique in a whole cell configuration with an Axon (model 200B) patchclamp amplifier. Series resistance originating from the tips of the micropipettes was compensated for electronically at the beginning of the experiment.
To study the influence of Ang (1-7) on the Na +pump, the current was measured using the whole cell clamp configuration and the holding potential was -40 mV. Measurements were initially performed in normal Krebs solution; the cell was then superfused with K + -free solution for 2 minutes followed by Krebs solution containing K + (5. Changes in membrane current were continuously recorded in the same cell.
Drugs
Angiotensin (1-7) and ouabain were from Sigma Chemical Co.
Statistical analysis
Data are expressed as mean±SEM. Statistical changes induced by Ang (1-7) were analysed by Student's t-test and significance was defined as p<0.05.
Results
Effect of Ang (1-7) on resting potential, impulse propagation and refractoriness
Measurements of resting potential performed on the wall of the right ventricle during ischaemia/ reperfusion of adult rats, showed that Ang (1-7) (10 -8 M) hyperpolarises the ischaemic muscle fibres from -40+1.5 mV (n=30) to -51.2+1.4 mV (p<0.05) within 20 minutes of drug administration ( Figure 1 ). In some areas of the ventricle in which the excitability was suppressed by the ischaemic process, Ang (1-7) (10 -8 M) incremented the resting potential and re-established the impulse propagation (Figure 1 ).The increment of the amplitude of the propagated response appeared within 15 minutes of the administration of the compound to the bath while the rising velocity of the action potential was concurrently augmented from 22+5.9 V/s to 77+6.1 V/s (p<0.05) (n=15) (Figure 2 ). Control studies ruled out the possibility that the increment of resting potential was related to the superfusion in Krebs solution per se. Indeed, in preparations exposed to oxygenated Krebs without Ang (1-7) during the same period of time no significant recovery of resting potential was observed (Figure 1 ). Studies of cardiac refractoriness performed before and after the administration of Ang (1-7) (10 -8 M) to the bath showed a displacement of the strength-interval curve to the right, indicating an increase in To investigate whether the hyperpolarising action of Ang (1-7) was related to the activation of an electrogenic Na + -pump, the ischaemic rat ventricle was exposed to K + -free solution for 30 minutes to abolish the Na + -pump. With the suppression of the pump activity, the resting potential of the ventricle fibres was reduced from -65+2 mV to -20+2.2 mV (n=15) (p<0.05) ( Figure 4 ).As soon as the resting potential reached a steady state value, the flow of normal Krebs solution ([K + ]5.4 mM) was re-established, with consequent reactivation of the pump and gradual recovery of the resting potential. As expected, a transient hyperpolarisation of 17+2.3 mV (beyond the normal value) was found and then the resting potential returned to the control value (Figure 4 ). In the second phase of the same experiment, the same muscle was again exposed to K + -free solution for the same period of time (two minutes) and the procedure was repeated, with the difference that Ang (1-7) (10 -8 M) was added to the normal Krebs solution.As shown in Figure 4 , Krebs solution plus Ang (1-7) (10 -8 M) caused a hyperpolarisation of 32+2.2 mV) (p<0.05) beyond the control value of the resting potential, which was larger than that achieved in absence of the drug (Figure 4) . To investigate whether the hyperpolarisation elicited by Ang (1-7) was indeed due to activation of the Na + /K + pump, the membrane potential was recorded under control conditions and than ouabain (10 -7 M) was added to the Krebs solution while the membrane potential was continuously monitored. As shown in Figure 4 , ouabain decreased the resting potential by 30% within 30 minutes.As soon as the resting potential reached a new steady state in the presence of ouabain, Ang (1-7) (10 -8 M) was added to the ouabain solution and the change in resting potential was measured. As shown in Figure 4 , ouabain abolished the effect of Ang (1-7) on resting potential.
Effect of Ang (1-7) on pump current
To further study the influence of Ang (1-7) on the Na + -pump, direct measurements of pump current were performed on isolated cardiomyocytes. Measurements of the membrane current generated by the reactivation of the sodium pump previously abolished by K + -free solution made it possible to investigate the influence of Ang (1-7) on the sodium pump activity. For this, quiescent myocytes isolated from the rat ventricle were voltage-clamped at -40 mV and then superfused with K + -free solution for two minutes to block the sodium pump. Consequently, an inward current of 6+1.1 nA was generated within seconds of K + -free solution administration ( Figure 5 ). Since the time of exposure to K + -free solution influences the peak amplitude of the transient outward pump current, 13 the exposure of isolated cells to K + -free solution was kept constant (two minutes). After two minutes, the K + -free solution was replaced by normal Krebs solution ([K + ] =5.4 mM) which elicited an outward current generated by the reactivation of the electrogenic sodium pump. As shown in Figure 5 , the maximal and transient outward current related to the reactivation of the sodium pump was significantly larger (10+1.3 nA) in the presence of Ang (1-7) (10 -8 M) than in normal Krebs solution. Similar results were found when a stepwise elevation of extracellular Rb + (5 mM) was used (not shown). In cells exposed to ouabain (10 -7 M), the effect of Ang (1-7) on pump current was abolished ( Figure 5 ).
Discussion
Previous studies showed that, using suitably small cardiac preparations combined with a fast flow system, it is possible to induce alterations in sodium pump activity and record the changes in resting potential in quiescent preparations. [13] [14] [15] [16] Moreover, using single cells and a voltage clamp under whole cell configuration, it is feasible to directly measure the changes in pump current. 15 The present results indicate that Ang (1-7) hyperpolarises the heart cell and re-establishes the impulse propagation in the heart during ischaemia-reperfusion. Moreover, Ang (1-7) increased the rising velocity of the action potential and enhanced the cardiac refractoriness.
The increment of the resting potential elicited by Ang (1-7) is related to the activation of the electrogenic sodium pump because: a) the transient increment of resting potential elicited by reactivation of the pump in presence of Ang (1-7) was greater than the maximal value of membrane potential achieved when reactivation of the pump is achieved with Krebs solution without Ang (1-7); b) direct measurements of the pump current performed in isolated cells of the rat ventricle showed that Ang (1-7) incremented the transient outward current beyond the levels achieved in normal control conditions; c) these effects of Ang (1-7) were blocked by ouabain. It is known that Ang II regulates the selectivity of the sodium pump in cardiac muscle to intracellular sodium and reduces the pump current 17 through activation of protein kinase C (PKC). The present results indicate that, at the level of the sodium pump, Ang (1-7) has an effect opposite to that of Ang II, but similar to that described with ACE inhibitors, which activate the pump. 18 Further studies, however, will be needed to clarify the precise mechanism by which Ang (1-7) enhances the sodium pump. The increment of cardiac refractoriness elicited by Ang (1-7) might involve changes in the threshold and cable properties of the fibre. Moreover, because the external stimulation electrode was located about 1 mm from the recording cell, it is conceivable that changes in intracellular or extracellular resistance of the ischaemic muscle alters the amount of current that reaches the recording cell. Additional information on these parameters is needed before a conclusion can be reached on the mechanism involved in the alteration of refractoriness.
In conclusion, the re-establishment of impulse conduction elicited by Ang (1-7) prevents slow conduction and re-entry.This effect, as well as the increment in cardiac refractoriness caused by Ang (1-7), could explain the reduced incidence of cardiac arrhythmias seen during ischaemia-reperfusion 9 and opens the question of whether Ang (1-7) could be a pharmacological tool in the prevention of cardiac arrhythmias during ischaemia/ reperfusion. 
